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Supplementary Figure 1 
 
 
 

Supplementary Figure 1: Measuring perceptual serial dependence. To measure serial 
dependence in orientation perception, we presented subjects with an oriented grating 
(Gabor) on each trial and asked subjects to report the orientation of the grating by 
adjusting a bar using the arrow keys (panel a). Of interest was whether the reported 
orientations were systematically dependent on the stimulus orientations seen in previous 
trials. We constructed a plot capturing the relationship between the perceptual error on 
each trial and the orientation presented on the previous trial (panel b). For each trial we 
computed the relative orientation of the previous stimulus to the present one (e.g., by 
how much was the previously seen orientation clockwise or counter-clockwise of the 
present orientation; indicated by the blue box) with positive values indicating that the 
orientation seen on the previous trial was clockwise of the orientation seen on the 
present trial. We also computed the error on the present trial with positive values 
indicating perceptual errors in the clockwise direction (indicated by the red box). Plotting 
error as a function of the relative orientation of the previous trial allowed us to examine 
whether subjects’ errors were drawn in the direction of the previous stimulus (shaded 
region on the plot), or repelled away from the orientation of the previous stimulus as 
would be found for traditional negative aftereffects at short inter-stimulus intervals 
(unshaded region on the plot). A preponderance of points within the shaded region of the 
plot, as was the case in the actual data (see Fig. 2a), indicates that perceived orientation 
was attracted toward the orientation seen on the previous trial. 
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Supplementary Figure 2 
 
 

 
Supplementary Figure 2: Serial dependence measured using randomized trial 
sequences. We repeated Experiment 1, this time presenting a random sequence of 
orientations on each run. All aspects of the experimental design and analysis were 
identical to the counterbalanced version of Experiment 1 except that a random 
orientation was presented on each trial, and we analyzed all trials in the sequence. Four 
participants each completed eight 104-trial runs. The gray line in each plot shows a 
running average of the subject’s orientation judgment errors, and data points show mean 
error within 20 deg. bins along the abscissa. Black lines show derivative of Gaussian 
(DoG) fits to subjects’ error distributions. Each subject individually showed significant 
serial dependence in orientation judgments (permutation tests; 824 data points per 
subject). The amplitude of serial dependence found with this randomized design did not 
differ from the amplitude measured with the counterbalanced design (group mean 
amplitudes were ±8.19° for the counterbalanced design (4 subjects, 260 data points per 
subject) and ±4.85° for the randomized design (4 subjects, 824 data points per subject); 
permutation test comparing amplitudes from the randomized and counterbalanced 
versions; P = 0.15). 
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Supplementary Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 3: Statistics of Experiment 1 trial sequences. Experiment 1 used 
two approaches for generating trial sequences: a fully random sequence of orientations 
and a counterbalanced sequence designed to ensure that every orientation used in the 
analysis was preceded equally often by all orientations in the range of -60 to 60 degrees 
relative to it (see Methods). Data points here show the autocorrelation (correlation 
between the orientation presented on a given trial and the relative orientation of the 
previous trial) for each run that subjects completed in Experiment 1; one point 
represents one run. Within the counterbalanced design, the autocorrelation was exactly 
zero for all runs when considering the trials used in the analysis (“baseline” trials; red 
data). Considering all trials within the counterbalanced runs including those not intended 
for analysis and discarded prior to computing the strength of serial dependence, the 
correlation tended to be positive (blue data) and the mean was significantly greater than 
zero (mean correlation of z = 0.11 across 40 runs; P = 1x10-5, evaluated by a 
permutation test in which we shuffled the trial ordering within runs and recomputed the 
mean correlation 100,000 times to generate a null distribution). However, there was no 
significant difference in the amplitude of serial dependence measured within only 
baseline trials vs. all trials in the counterbalanced sequences (group mean amplitudes 
were ±5.51° for all trials (1030 trials per subject) and ±8.19° for baseline trials (260 trials 
per subject); P = 0.10; permutation test). Within the randomized stimulus sequences, the 
autocorrelation was never exactly zero (which is why we also employed a 
counterbalanced design), but across all runs the autocorrelation centered on zero and 
did not significantly differ from zero (green data; mean correlation of z = -0.025 across 
32 runs; P = .15 evaluated with a permutation test as above). Within both the 
counterbalanced and randomized paradigms, we found significant serial dependence in 
orientation perception for all subjects. These results, together with the negative 
aftereffect modeling (Supplementary Fig. 8), confirm that perceptual serial dependence 
is not the result of statistical dependencies in the presented trial sequences. 
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Supplementary Figure 4 
 
 
 
 
 

Supplementary Figure 4: Event sequence for one trial in Experiment 3. Subjects made 
two judgments per trial; a cue reminded subjects which judgment to perform on the 
upcoming stimuli. At the outset of a trial, a cue (white dot) appeared to the left or right of 
fixation. This cue instructed the subject to judge the orientation of the Gabor that 
appeared at that location; the Gabor in the opposite visual field was task-irrelevant. After 
a delay, two Gabors appeared simultaneously to the left and right of fixation for 500 ms, 
followed by noise patches presented for 1 s. The subject then adjusted a response bar 
to match the perceived orientation of the Gabor at the cued location. After the subject’s 
response, there was a delay period of 1.5 s during which only the fixation point was 
present. Following the delay period, the fixation point dimmed slightly for 350 ms to 
indicate that the subject was to judge the relative orientations of both upcoming Gabors, 
deciding which was oriented more clockwise (or, on separate runs, which was more 
counter-clockwise). Two Gabors then appeared to the left and right of fixation for 500 
ms, followed by noise patches presented for 1 s. The subject then indicated which of the 
Gabors was oriented more clockwise (or counter-clockwise) in a two alternative forced 
choice (2AFC) response. Following the subject’s response there was a delay period of 
1.5 s prior to the onset of the next trial. 
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Supplementary Figure 5 
 

 
 
Supplementary Figure 5: Experiment 6: The coordinate frame of serial dependence. 
We compared the strength of serial dependence in perceived orientation in retinotopic 
vs. spatiotopic (head-centered) coordinates by varying the stimulus and fixation locations 
across trials (panel a). On each trial the fixation point appeared in one of two locations, 
at 6.5° to the left or right of the center of the screen, and the Gabor patch appeared in 
one of three locations, at 6.5° or 19.4° to the left or right of fixation depending on the 
location of the fixation point. Trials were paired, and every second (baseline) trial was 
analyzed. We manipulated the change in fixation-Gabor positioning between the trials in 
each pair: on ¼ of trial pairs both the spatial and retinal positions stayed the same 
(“both” trials), on ¼ of trial pairs the spatial position of the Gabor changed while its retinal 
position remained the same (“retinal” trials), on ¼ of trial pairs the retinal position of the 
Gabor changed while its spatial position remained the same (“spatial” trials), and on the 
final ¼ of trial pairs both the retinal and spatial position of the Gabor changed (“neither” 
trials; hence the trials are named for the aspect of the stimulus position that remained 
constant between the two successive trials in a pair). We counterbalanced the 
orientations presented so that subjects saw exactly the same set of orientations on all 
four of the spatial conditions – the only thing that differed among the spatial conditions 
was the change in the relative positioning of the fixation point and Gabor between trial 
pairs. We found significant serial dependence within each of the four conditions (panel b; 
permutation tests based on 180 trials from each of four subjects in each condition; error 
bars are ±1 s.d. of the bootstrapped group mean). Serial dependence was significantly 
stronger in those trials in which the retinal stimulus position was the same as in the 
previous trial (retinal & both trials) than in trials when the retinal position changed (spatial 
& neither trials), replicating the tuning of serial dependence to retinal position found in 
Experiments 4 and 5 (P = 0.019; permutation test based on 360 trials per condition from 
each of four subjects). At the same time, serial dependence was also stronger when the 
spatiotopic stimulus position stayed constant between trials (spatial & both trials) than 
when it changed (retinal & neither trials; P = 0.037; permutation test based on 360 trials 
per condition from each of four subjects), indicating that serial dependence is tuned to 
an object’s spatiotopic position as well. This tuning to both spatiotopic and retinotopic 
stimulus position suggests that serial dependence likely operates at multiple levels in the 
visual processing hierarchy. 
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Supplementary Figure 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Supplementary Figure 6: Experiment 7: Negative aftereffects in orientation judgments. 
We tested whether negative aftereffects would arise in a similar experimental paradigm 
to the one used in Experiments 1 and 2 if the stimulus presentation was longer, allowing 
for orientation adaptation. a) In each trial, subjects saw two Gabors: a long duration 
Gabor (5 s) and a short duration Gabor (500 ms). Each Gabor was followed by a 1s 
noise patch, and subjects were instructed to report the orientation of the second (short 
duration) Gabor using an adjustment response. This design was intended to be as 
similar as possible to the one used in Experiments 1 and 2 while allowing for orientation 
adaptation to occur and minimizing the time between the adapting (long duration) and 
test (short duration) stimuli. The absence of a response between the first and second 
Gabors is akin to Experiment 2, where we found serial dependence in orientation 
judgments even in the absence of a response on the previous trial. Both Gabor 
orientations were randomized on each trial. Two participants each completed six 104-
trial runs. b) We analyzed the data as in Experiment 1 (see Supplementary Fig. 1) by 
plotting orientation judgment errors as a function of the difference in orientation between 
the first and second Gabors (Gabor 1 minus Gabor 2). Gray lines show a running 
average of subjects’ errors, and data points show mean error within 20 deg. bins along 
the abscissa. Black lines show derivative of Gaussian (DoG) fits to subjects’ error 
distributions. Crucially, the sign of the curve fit for each subject was flipped as compared 
with the data from Experiments 1 and 2 (see Fig. 2a and Supplementary Fig. 2) – both 
subjects showed significant negative orientation aftereffects (permutation tests; 618 data 
points per subject). These data show that both negative and positive aftereffects (serial 
dependence) can arise within the same paradigm depending on stimulus duration and 
the time between successive stimuli. 
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Supplementary Figure 7 
 

 
 
 
 
 
 
 
 

Supplementary Figure 7: Computing the just noticeable difference (JND) from two 
alternative forced choice data. To compute the just noticeable difference (minimum 
orientation difference that can be reliably discriminated) for the Gabors presented in our 
experiments, we used the 2AFC discrimination data from Experiment 3, this time using 
only the information from the 2AFC judgments. For each individual subject, we plotted 
the percent of the time that the subject responded “right” as a function of the relative 
orientations of the Gabors presented in the left and right visual fields (positive values on 
the abscissa indicate that the right-hand Gabor was more clockwise). Data shown here 
are from one example subject. We fit a logistic function to the resulting plot as in the 
analysis of Experiment 3, and found the x values for which the logistic curve had a y 
value of 25% and 75%. One half of the difference between these two x values was taken 
as the JND. The mean JND for the three subjects who participated in Experiment 3 was 
5.39. The same three subjects participated in Experiment 1; the mean amplitude of serial 
dependence for these subjects was 8.21; that is, two orientations that differed by 16.42°. 
could appear identical based on the stimulus that preceded them, an effect that is 3.05 
times the JND as measured here in the same subjects. 
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Supplementary Figure 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 8: Serial dependence does not arise from negative aftereffects 
alone. We conducted a simulation to test whether apparent serial dependence in 
perceived orientation could arise from negative aftereffects alone, for example due to an 
interaction between negative aftereffects and random fluctuations in the stimulus 
sequence. Using the same trial sequences presented to subjects in Experiment 1, we 
simulated subjects’ responses based on negative aftereffects of varying strength and 
persistence over time. We found that regardless of the aftereffect strength or duration, 
negative aftereffects alone predict a negative amplitude in the measured serial 
dependence (repulsion rather than attraction; panel a shows the simulation results for 
the stimulus sequence presented to one subject; all subjects showed comparable 
results), contrary to what we observed in subjects’ responses. Panel b shows a sample 
position discrimination plot from the simulation. Predicted responses based solely on 
negative aftereffects are qualitatively dissimilar to the pattern of responses that subjects 
made in Experiments 1-6. This simulation shows that it is not possible for negative 
aftereffects alone to produce an apparent attraction of perceived orientation toward 
previously seen orientations within our experimental design and analysis. 
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Supplementary Figure 9 
  

 
Supplementary Figure 9: Labeled-line models of how serial dependence may arise 
from changes in single-unit orientation tuning. a) Gain model: channels tuned to 
recently-seen stimuli temporarily become more responsive. This increased sensitivity 
shifts the population response to a current stimulus toward the orientations of previous 
stimuli. b) Shift model: single-unit orientation tuning is temporarily shifted away from the 
orientations of recently-seen stimuli. Shifts in orientation tuning skew the population 
response to a current stimulus toward the orientations of previous stimuli. c) We fit the 
models to subjects’ responses from the fully randomized version of Experiment 1 using 
one half of the data (odd numbered runs; 412 trials per subject) and tested model 
performance on the remaining (independent) half of the data (even numbered runs; 412 
trials per subject). Both the gain model (blue data) and shift model (red data) performed 
significantly above chance in predicting subjects’ errors on the left-out data (permutation 
tests; shaded region shows the permuted chance distribution). While the gain model 
produced somewhat better fits in three of four subjects, both models provide plausible 
accounts of how serial dependence in orientation perception might arise from simple 
changes in single-unit tuning. 


